Abstract: Based on similarity searches, two putative pathways were previously described as being encoded by the pAO1 megaplasmid of Arthrobacter nicotinovorans: an almost fully established nicotine-degrading pathway and a yet unknown putative sugar-catabolic pathway. The general organization of the open reading frames (ORFs) of the latter indicated possible gene products as targets for docking experiments, aimed at identifying possible sugar substrates of this pathway. Homology modelling and docking results with the deduced proteins of three ORFs of the putative sugar catabolic pathway indicated D-tagatose-1,6-bisphosphate as a common ligand and thus as substrate of the pathway.
Introduction
Microbial biodegradation pathways are often either fully or partially encoded by mobile genetic elements, including catabolic plasmids. Until now, no less than 37 plasmid-encoded pathways for metabolism of aromatic compounds were described (Vedeler 2009 ), as well as plasmids for the degradation of rubber (Bröker & Steinbüchel 2009 ), phthalate (Eaton 2001) or naphthalene (Rosselló-Mora et al. 1994) . These genetic elements thus allow the bacteria to grow in many contaminated environments as natural autochthonous microflora with a high potential for bioremediation of pollutants. This is the case of Arthrobacter nicotinovorans, a Grampositive soil bacterium, which is able to grow on nicotine as sole carbon and nitrogen source due to the presence of the 165 kb megaplasmid pAO1. The megaplasmid was sequenced (Igloi & Brandsch 2003) and based on similarity searches, an as yet unknown putative sugar-catabolic pathway was revealed on pAO1. Based on the relative lower GC content of the nicotine gene cluster compared with the rest of the pAO1 megaplasmid, it was proposed that the nicotine-catabolism genes were recruited by horizontal gene transfer by an ancestral plasmid, consisting of genes related to plasmid functions and a sugar-catabolic pathway (Igloi & Brandsch 2003) .
This putative sugar-metabolism pathway consists of the open reading frames (ORFs) of a gene regulator, of an ATP-binding cassette transporter (ABCtransporter) system and a cluster of ORFs with similarity to several dehydrogenases and oxidoreductases. Our previous works showed that part of this cluster are ORF39, encoding a monomeric-aldehyde dehydrogenase of broad substrate specificity (Mihasan et al. 2008 ) and ORF40, a putative Zn-containing tetrameric oxidoreductase (Mihasan et al. 2009 ).
Three-dimensional analysis of protein structures is proving to be one of the most fruitful methods of biological and medical discovery in the early 21 st century, providing fundamental insight into many biochemical functions. From the first atomic-level resolution of a protein structure -whale myoglobin by Kendrew et al. (1958) until now, several thousands of proteins structures were solved and it has been clear that laboratory analysis of all proteins is not feasible from a practical point of view. Thus, any method capable of accurate, efficient in silico structure prediction should prove highly expeditious. Comparative modelling of proteins is such a relatively fast protein structure generation method which, associated with molecular docking applications, can provide an easy way of predicting the binding modes of ligand to proteins molecules.
The current study makes use of such an approach in order to find a possible substrate of the putative sugar-catabolic pathway encoded by pAO1. Based on similarity searches, three genes were selected as being most probably involved in the binding of the substrate. The three-dimensional structure of the proteins encoded by these genes was generated and used to screen 
Material and methods
Bacterial strains and growth conditions A. nicotinovorans pAO1+ and A. nicotinovorans lacking the megaplasmid (Igloi & Brandsch 2003) were grown at 30
• C on citrate medium (Brühmüller et al. 1975 ) supplemented with nicotine. Different carbohydrates differentiation discs (Fluka, Germany) containing fructose, lactose, galactose, arabinose, manitol, cellobiose, rafinose, sucrose, trehalose, rhamnose, manose, melibiose, inuline, inositol, xylose, dextrose or maltose were used according to manufacturer's instructions, in order to test the fermentation abilities of the two strains (A. nicotinovorans with and without the pAO1 plasmid).
Comparative modelling
All protein sequences were derived from the pAO1 sequence (accession number in NCBI Nucletide database gi|25169022|) by in-silico translation. Molecular coordinates for each protein were generated by automated homology modelling using 3D-JIGSAW (Bates et al. 2001) . Model validation was done by the Structure Assessment Tool from SWISS-model workspace (Arnold et al. 2006 ) using Procheck (Laskowski et al. 1993) . Structural alignments were performed using DaliLite (Holm & Park 2000) . Root mean square deviation (RMSD) value calculations between the model and the templates used for comparative modelling, using the Cα fitting, as well as all images were generated using the Swiss-PdbViewer v4.0.1 (Guex & Peitsch 1997) . Pockets inside the proteins structures were detected and measured using Pocket-Finder (Laurie & Jackson 2005) .
Ligands preparation
Three-dimensional structures of sugars and derivatives were retrieved from the RCSB PDB Protein Databank (Berman et al. 2003) . The PDB file of each sugar-containing protein was hand-edited using UCSF Chimera suite (Pettersen et al. M. Mihȃşan 2004) and the coordinates of the ligand were extracted. Also, as depicted in Table 1 , some sugars coordinates were obtained from PubChem and transformed into a format suitable for docking using FROG v.1.01 -free on-line drug conformation generation (Leite et al. 2007) . A database of 81 sugars and derivatives was created and used for the docking experiments (Table 1) .
Docking experiments
Both ligands and receptors were prepared for docking using UCSF Chimera (Pettersen et al. 2004 ). The molecular surface of the receptor was generated using the DMS program and then used as input for the sphere generating program SPHGEN (Kuntz et al. 1982) . All generated spheres were used to create a three-dimensional box with SHOWBOX (Kuntz et al. 1982 ). The box file was then used as input for the GRID program (Kuntz et al. 1982) , which calculates and saves the information concerning the steric and electrostatic environment within the box area. UCSF DOCK6 program (Lang et al. 2009 ) compiled on a Linux machine (kernel 2.6.31) was used to perform blind molecular docking using a rigid receptor and flexible ligands. The results were visualized with Chimera and ranked according to their potential binding place and grid score.
Results and discussions
General organization of the putative carbohydrate pathway on pAO1 The pAO1 pathway for carbohydrate utilization consists of several ORFs organized in a putative operon as shown in Figure 1 . The gene cluster starts with the ORF of a transcription factor with a high degree of homology with gluconate operon repressor (GntR) family proteins (Haydon & Guest 1991) , succeeded by 4 ORFs encoding the components of an ABC transporter system: a putative ATP-binding protein, two pore-forming membrane proteins and a periplasmic substrate-binding protein (PSBP). Downstream the ORFs of several oxidoreductases and dehydrogenases are present: ORF38 (GI:25169060) encoding a putative 2-keto-gluconate dehydrogenase, ORF39 (GI:25169061) coding for an aldehyde dehydrogenase (Mihasan et al. 2008) , ORF40 (GI:25169062) encoding a putative oxidoreductase, and ORF41 (GI:25169063) coding for a putative conserved protein similar to DUF993. The ORF42 (GI:25169064) closes the cluster; it encodes a protein related to glycerate-kinase (Igloi & Brandsch 2003) . Based on the arrangement and proposed functions of the ORFs one could suggest a catabolic pathway in which the substrate is transported across the membrane using the ABC-transporter system in an ATP-dependent manner followed by its step-wise oxidation to intermediates of general metabolism.
So far there is only limited information concerning the substrates of this pathway. One approach to gain information in this direction was to clone, express and characterize several genes from this pathway. Our previous studies showed that the ORF39 and ORF40 encode for a monomeric aldehyde-dehydrogenase with a broad substrate specificity (Mihasan et al. 2008 ) and a tetrameric protein containing Zn with yet unknown function (Mihasan et al. 2009 ), respectively. We also cloned the ORF38 in an attempt to purify the protein, but we were unable to accomplish it, as it is insoluble in Escherichia coli (data not shown).
The approach discussed in the present work is based on the in-silico identification of substrate-binding gene products followed by virtual screening for a common ligand. An interesting starting point in this direction was the ABC transporter system, a major cellular translocation machinery in all bacterial cells (Kentaro & Kanehisa 1998). The periplasmic protein part of this system has the role of binding the substrate and translocating it across the membrane using the energy provided by ATP-hydrolysis. This protein was therefore the best candidate to interact with the putative substrate and we will refer to it as PSBP along this paper.
Usually, in order to activate a negatively regulated catabolic pathway, the repressor must bind or interact with the substrate. As shown above, the described sugar-catabolic pathway starts with the ORF32 (GI:25169054) of a transcriptional regulator, related to GntR family. This family consists of several subfamilies (Rigali et al. 2002) , but most of the members were described as repressors (DiRusso & Nunn 1985; van Aalten et al. 2000; Hillerich & Westpheling 2006; Rigali et al. 2006; Gao et al. 2008) . Although it is possible that each repressor has its own ligand specificity, and so does each periplasmic bindig protein (PBP), it is not uncommon for these two proteins to share a similar ligand specificity. For instance, GalS (repressor, R) and MglB (PBP, P) both bind D-galactose/D-glucose; XylR (R) and XylF (P) bind D-xylose; and RbsR (R) and RbsB (P) bind D-ribose (Fukami-Kobayashi et al. 2003) . That is why we considered the product of ORF32 (referred to as GntR along this paper) as our second candidate.
Once the substrate is inside the cell it is transformed in a chain of events triggered by the first enzyme of the metabolic pathway. The gene cluster of putative oxidoreductases and dehydrogenases succeeding the ABC-type transporter system must encode for this enzyme. Based on BLAST searches and experimental data, we concluded that ORF38 (putative 2-keto-gluconate dehydrogenase), ORF39 (an alde- a Structure-based alignments of the computer-generated model and the corresponding template. The alignments were performed with DaliLite (Holm & Park 2000) .
hyde dehydrogenase; Mihasan et al. 2008 ) and ORF42 (related to glycerate-kinase) possess functions downstream the metabolic pathway. On the other hand, the protein product of the ORF40 contains a partially conserved consensus sequence 119-AGKHIFTEKP-128 similar to the AGKHVxCEKP motif found in sugardehydrogenases (Wiegert et al. 1997) , indicating that the first step of this putative catabolic pathway is dehydrogenation of the substrate. This enzyme is homologous at sequence level with a high number of putative oxidoreductases with unknown functions which belongs to the GFO/IDH/MOCA family. The name of the family comes from one of its members -GFOglucose-fructose oxidoreductase from Zymomonas mobilis (Kingston et al. 1996) , which converts D-glucose and D-fructose into D-gluconolactone and D-glucitol in the sorbitol-gluconate pathway. This is our third candidate for a substrate-binding enzyme and we will refer to it as Oxido-Reductase (OR) further in this paper. A simple test was performed in order to establish whether the pAO1 megaplasmid encodes any functional sugar catabolic pathways. Fermentation abilities of two strains -A. nicotinovorans harbouring the pAO1 megaplasmid (pAO1+) and A. nicotinovorans lacking the megaplasmid (pAO1-) were tested on 17 sugars as described in experimental methods. Only in the case of melibiose the two strains behaved differently: the growth of the pAO1-strain did not significantly change the pH of the medium, while the growth of pAO1+ strain was accompanied by intense acidification indicating a fermentation process. This is a clear evidence that at least one active catabolic pathway degrading melibiose is encoded by genes on the pAO1 megaplasmid. We are reserved on linking directly this metabolic ability with the above-described gene arrangement, since at least two other isolated genes on pAO1 are also related to carbohydrate catabolism (Igloi & Brandsch 2003) .
Model description and quality
The amino acid sequences of the proteins encoded by three selected genes were used to generate their putative structures using the automated homology modelling server 3D-JIGSAW (Bates et al. 2001 ). The results are summarized in Table 2 .
GntR model was build using the lactate operon repressor (LdlR) from Corynebacterium glutamicum (PDB code: 2di3; Gao et al. 2008 ) as template. The 86.8% of non-glycine and non-proline residues have conformational angles (φ, ψ) in the most favoured part of the Ramachandran plot, 8.8% fall in the 'additional allowed' regions, 3.35% fall in the 'generously allowed' regions and 1.1% fall in the 'disallowed' region, as defined by Procheck (Laskowski et al. 1993) . Five out of 8 proline and 11 out of 12 glycine residues are in permitted regions. The RMSD value between the model and the template used for comparative modelling is 1.42Å for 105 corresponding C α atoms. The computer-generated GntR model adopts the same general structural organization with two domains of the LdlR transcriptional factor from Corynebacterium glutamicum (Gao et al. 2008) . The N-terminal LdlR region contains a winged helix-turn-helix domain characteristic for GntR family proteins (Gorelik et al. 2006) . In the GntR model, the two α-helices and the connecting turn are present forming a helix-turn-helix domain, but the β-strands forming the wing are missing (Fig. 2A) . These β-strands connect the N-and C-termini, but the whole area is not well-modelled due to low similarity between the two sequences. More important in the context of this work, the C-terminal domain, involved in binding the ligand, is very well represented; all the elements forming the helical bundle of the C-terminal domain of LdlR being also present in the modelled GntR structure. The cavity in the middle of the bundle, described as involved in binding the substrate (Gao et al. 2008 ) is well defined in our computer-generated model, so it can be considered to be a good candidate for docking experiments.
PSBP was build using Thermotoga maritima ribose-binding protein (PDB code: 2fn8; Cuneo et al. 2008) as template. The analysis of the Ramachandran plot showed that 91.7% of non-glycine and nonproline residues have conformational angles in the 'allowed' regions, 6.5% fall in the 'generally allowed' region and 2.8% in the 'disallowed' region. Nine of 35 glycine and 8 of 13 proline residues fall in the 'disallowed' region. The RMSD value between the model and the template used for comparative modelling is 1.73Å for 151 corresponding C α atoms. The overall structure of the model follows well the characteristics of the bacterial PBP structural superfamily: a bilobate structure known as Venus flytrap (Acher & Bertrand 2005) formed by two pseudo-symmetric domains linked by a hinge of β-sheets (Cuneo et al. 2008) . The template used in the modelling is in the close form, containing the bound ligand (D-pyranose ribose) at the interface of the two domains. A structural alignment of the two proteins (pAO1 PSBP and 2fn8) showed that most of the amino acid residues involved in forming the H-bonds with the substrate are conserved; the main differences being as follows: N198, D223 and D224 from 2fn8 were replaced by L274, E298 and V318 in PSBP (Fig. 2B) . The model of OR was build using the template of NADP(H)-dependent 1,5-anhydro-D-fructose reductase from Sinorhizobium morelense (PDB code: 2glx; Dambe et al. 2006) . The Procheck analysis for model validation showed that 91.4% of the non-glycine and non-proline residues fall in the 'allowed' regions of the Ramachandran plot, while 5.8% fall in the 'generally allowed' and 2.9% in the 'disallowed' regions. Fifteen of 20 glycine and 8 of 12 proline residues which the protein contains are in the 'allowed' region. The calculated RMSD value between the model and the template is 1.12Å for 265 corresponding C α atoms. All amino acids described as being involved in binding the competitive inhibitor acetate for 2glx are conserved in our model, except for Arg163, which is replaced by Ala182 (Fig. 2C ).
Molecular docking
Both the modelled structures as well as their corresponding templates were used for the in-silico molecular docking experiments. The results were manually ranked according to binding site and energy scores (with the best ten ranked ligands being presented in Table 3 ) and for three modelled pAO1 proteins; Dtagatose-1,6-bisphosphate was always on the first place.
In the case of GntR all 81 tested ligands were bound inside a U-shaped channel with a volume of 637 A 3 (total protein volume 18,275Å 3 ) passing through the middle of the C-terminal domain (Fig. 3A) . This domain is known to be involved in binding the substrate (Gao et al. 2008 ), but little is known about the ligand or the interactions involved in binding.
The Pocket-Finder program identified in the case of PSBP an even larger pocket of 919Å 3 placed between the two lobes forming the Venus flytrap. The Fig. 3 . Binding mode of D-tagatose-1,6-bisphosphate inside PSBP binding pocket. In the small insert from upper left, the binding pocket localization is shown (represented as mesh). The surface of the modelled protein is shown as CPK colours, tagatose as ballsand-sticks and the highly conserved residues probably involved in the catalytic mechanism are indicated and coloured in blue. The picture was generated using the Swiss-PdbViewer v4.0.1. D-tagatose-1,6-bisphosphate was docked in this large pocket (Fig. 3B ) in close proximity of the conserved amino acids involved in the substrate binding. The distances between the conserved amino acid residues described as being involved in binding and D-tagatose-1,6-bisphosphate are in the range of 1.5-3.5Å. Superposition of ribose bound to 2fn8 and the tagatose derivative docked to PSBP showed a very good fit, with an RMSD of 0.5Å for the 9 atoms matched. For the OR model, not all the tested ligands were docked in the same area and several clusters of docked ligands could be observed. The pocket, in which Dtagatose-1,6-bisphosphate as well as the other nine ligands from Table 3 were docked to, was the largest one, as described by Pocket-Finder. Parts from the wall of this large pocket are formed by putative conserved residues involved in catalysis.
The docking results for all the templates tested (2di3, 2fn8 and 2glx) show that the best gride scores were for those ligands docked in a pocket close to the actual catalytic site. The ligand with the highest rank is in accordance with the experimental data regarding the function of the tested protein: 2glx is a 1,5-anhydro-D-fructose reductase and the best docked ligand was fructose, whereas 2fn8 is a ribose-binding protein and the best docked ligand was ribose in its pyranose form (Table 3) . Furthermore, the two poses of bound ribose in 2fn8 (experimental) and PSBP (docked) are equivalent, with an RMSD of 0.4Å, supporting the reliability of our docking experiments and allowing us to extend the results to the putative pAO1 protein models.
So far, only two enzymes were found to interact with tagatose-1,6-bisphosphate: D-tagatose-6-phosphate kinase (EC 2.7.1.144) and D-tagatose-bisphosphate aldolase (EC 4.1.2.40). These enzymes are part of tagatose-6-phosphate pathway, a small chain of three reactions analogous to the first reactions of the Embden-Meyerhof pathway (Bissett & Anderson 1973) . The tagatose-6-phosphate pathway consists of an isomerisation reaction, in which D-galactose-6-phosphate is converted into D-tagatose-6-phosphate, followed by an ATP-dependent phosphorylation of Dgalactose-6-phosphate by D-tagatose-6-phosphate kinase, yielding D-tagatose-1,6-bisphosphate. Finally Dtagatose-1,6-bisphosphate aldolase cleaves D-tagatose-1,6-bisphosphate to produce glyceraldehydes-3-phosphate and dihydroxyacetone phosphate (Miallau et al. 2007 ). Staphylococci and streptococci use this small chain of reactions to metabolize galactose and lactose (Jagusztyn-Krynicka et al. 1992) . It has been shown that the genes encoding the enzymes of the tagatose-6-phosphate pathway are part of the lactose phosphotransferase system (PTS) operon. The PTS operon consists of eight genes: lacRABCDFEG (Oskouian & Stewart 1987; Rosey et al. 1991) . LacG encodes the phospho-3-galactosidase, lacE and lacF genes specify the components of the lactose-specific PTS, lacAB constitute subunits of the tagatose-6-phosphate isomerase, lacC encodes the tagatose-6-phosphate kinase and lacD specifies the tagatose-1,6-bisphosphate aldolase (JagusztynKrynicka et al. 1992) . The general organization of this heptacistronic operon is not at all similar with the putative operon from A. nicotinovorans depicted in Fig- ure 1. No oxidoreductases are found in the PTS operon, and also no kinases and isomerases could be described in the A. nicotinovorans operon. This would suggest that the two pathways encoded by these two operons have no similarities to each other. The tagatose-6-phosphate pathway is also part of the galactitol catabolic pathway. The sugar alcohol is transformed in tagatose-6-phosphate, either via tagatose or via galactitol-6-phosphate (Mayer & Boos 2005) , and then further processed to glyceraldehydes-3-phosphate and dihydroxyacetone-phosphate as described above. The docking experiments performed with the intermediates down-and up-stream of tagatose-1,6-bisphosphate in this pathway (Table 1: tagatose-6-phosphate, galactitol, galactitol-6-phosphate, glyceraldehydes-3-phosphate, dihydroxyacetone) did not produce significant hits; none of these compounds being ranked among the top ten according to their gride score.
This, as well as the fact that tagatose-1,6-bisphosphate was found to bind also to the PBP and GntR, i.e. the proteins with functions upstream the putative pathway, eliminates any doubts that the compound might be an intermediate of the catabolic pathway described on the pAO1 megaplasmid of A. nicotinovorans.
Conclusions
The docking experiments indicated D-tagatose-1,6-bisphosphate as the ligand with the highest approximate binding energy for all three modelled pAO1 proteins. This is in accordance with the placement of these proteins on the same catabolic pathway and, consequently, with the supposition that they share the same substrate. D-tagatose and D-tagatose-6-phosphate were also among the docked ligands, but the score was not among the top 10 for neither one of the tested receptors. Experimental verification of the hypothesis formulated in this work is of course required. We are currently working on a method of obtaining tagatose-1,6-bisphosphate using tagatose and Dtagatose-bisphosphate aldolase from Giardia lamblia (Galkin et al. 2007 ), but, the fact that the screening was made on a limited database of sugars should also be taken into account. We can therefore only conclude that the substrate of the pathway is a tagatose derivative, maybe D-tagatose-1,6-bisphosphate or a related compound.
